Women (1529) were interviewed in midpregnancy, and a cohort of their children has been examined at various ages. The two standardized tests presented herein are part of a large battery of tests administered when the children were 14 years old. "Word Attack" ( n = 462) measures phonological processing on a task involving the reading of pseudowords in nontimed performance. "Arithmetic" ( n = 191) measures auditorily processed mental computations in timed performance. Scores on both tests were associated with prenatal alcohol exposure in a dose-dependent fashion. These effects were robust when considered in relation to a wide variety of potentially confounding variables, such as prenatal exposure to tobacco and other drugs, sociodemographic characteristics, and traumatic postnatal events. A variety of alcohol scores were related to these two performance measures, but those involving a massing of drinks on a given occasion had the strongest association. The higher the average number of drinks/occasion, the poorer the offspring performance on tasks thought to underlie numerical problem solving and reading proficiency. Earlier reports of prenatal, alcohol-related neurobehavioral deficits in childhood have now been extended into adolescence.
Study on Alcohol and Pregnancy. The two tests described here were part of a large battery of tests administered at the 14-year exam. The goal of the 14-year wave of data collection was to study underlying deficits in attention, memory, cognitive and motor skills. The two tests described in this paper appear separately, because they differ from the other tests either conceptually or in sample size.
These two tests, "Word Attack" and "Arithmetic," are the only standardized tests of academic-type performance included in the 14-year examination. They are thought to measure important underlying components of learning. Word Attack involves the reading of pseudowords in nontimed performance, which taps the subject's ability to apply the pronunciation rules of the English language in approaching novel words that could not have been memorized from past experience or decoded by context. Pseudoword reading deficits are among the strongest persisting neurolinguistic deficits among adults who were childhood dy~lexics.~ Some experts believe that the use of pseudowords constitutes the best way to measure reading skills. 4 Detection of pseudoword reading deficits this late in development could have important implications for understanding the enduring effects of prenatal alcohol exposure on adolescent learning. The Arithmetic subtest from the Wechsler Intelligence Scale for Children-Revised (WISC-R) measures auditorily processed mental computation in timed performance and is thought to tap underlying information processing strategies, as well as basic numerical skill^.^ Previous decrements on this same arithmetic subtest, as well as on an additional arithmetic achievement test, were documented when these children were 7 years ~l d .~-~ Detection of continuing deficits in numerical problem solving into adolescence also could have important implications for comprehending the long-term consequences of prenatal alcohol exposure.
METHODS
The Seattle Longitudinal Prospective Study on Alcohol and Pregnancy was initiated in 1974 to examine the long-term consequences to offspring of maternal drinking during pregnancy. Previous papers describe the study design."'" Two hospitals were selected for recruitment, which reflected the sociodemographic characteristics of the Seattle population at the time. All eligible consenting English-speaking women were acAlcohol Clin Exp Res. Vol 18, No 2, 1994 pp 248-254 cepted for interview if they were receiving prenatal care by the 5th month of pregnancy and lived within a 20-mile radius of Seattle. During a 1-year period, 1529 women were given the 30-min interview regarding health practices and pregnancy history that included detailed questions on beverage consumption, drugs, medications, and diet. The alcohol scoresderived from this interview. All prenatal interviews were conducted in private in the women's homes by research assistants not associated with the hospitals.
Subjects
The follow-up cohort of -500 offspring was selected at delivery from the 1529 previously interviewed mothers, on the basis of the earlier maternal report of alcohol and cigarette use during pregnancy. The follow-up sample was stratified for cigarette use across levels of alcohol use, and oversampled for heavier drinkers. Thus, the follow-up cohort included almost all of the offspring of the heavier drinkers from the interview sample, but a much smaller proportion of the very light drinkers' children. There were no exclusionary criteria for babies alive at discharge.
The mothers were basically a low-risk group of pregnant women. The nature of the original selection constrained the interview sample to mothers in prenatal care by midpregnancy, thereby restricting the entry of high-risk mothers without adequate prenatal care into the sample. The mothers were primarily White, married, well-educated, and middle-class. A unique window of opportunity permitted recruitment of a low-risk group of mothers who already knew not to smoke during pregnancy (only 29% of the interview sample smoked), but did not yet know about the risks of drinking during pregnancy (80% drank some alcohol during pregnancy and in the month or so prior to pregnancy recognition"). The prematurity rate (~3 7 weeks) was only 4%, and the low-birth weight rate (<2500 g) was only 3%. At 7 years of age, 95% still lived with the biologic mother and 70% with the biologic father.
Alcohol
Alcohol use was assessed with a quantity-frequency-variability (QFV) interview supplemented with questions to enable reporting of over 5 drinks/occasion, as recommended by Room." The interview was embedded in a general health interview; great care was taken to ensure a valid report." Alcohol scores were generated that reflected many dimensions of use including dose, frequency, pattern, and Testretest reliability of the alcohol scores was high ( r = 0.85-0.95) and comparable to those obtained for caffeine scores." The alcohol interview and quantification system were considered state-of-the-art at the time they were implemented in 1974 and based on those used in a similar study." Questions were first asked about drinking "during pregnancy" (which at the time of interview was the beginning of the 5th month). Separate questions were asked for wine, beer, and liquor. Then the same questions were asked for the month or so prior to pregnancy or pregnancy recognition, in an effort to document use during the early period of embryogenesis so critical to the study of teratogens. Women were not interviewed regarding their alcohol use during the last half of pregnancy. For the present set of analyses, the same basic alcohol scores were examined that have been examined in other recent p a p e r~.~-'~*~~J~ The scores listed in Table 1 of alcohol use (monthly occasions of drinking), and three "binge" measures of massed drinking (average drinks/occasion, maximum drinks/ occasion, and ever drinking 5 or more drinks on any occasion in the designated time period). A dichotomous score for abstaining in both time periods was also included. Unless otherwise noted, these scores were calculated according to self-report for the two time periods studied.
Procedures
Contact with the cohort families was maintained through special procedures developed by the investigators for longitudinal research." The 464 singleton-born participants in the 14-year exam represented an 82% follow-up of the original birth cohort. There was not a significantly greater loss to follow-up of children of heavier drinkers compared with the rest of the cohort. Moving out of area was the most frequent cause of loss to follow-up. Ninety-three percent of the subjects seen at the 7-year exam were seen again at 14 years. All data were gathered blind, with examiners having no knowledge of maternal history or subject performance on previous examinations. All tracing, scheduling, and transporting of subjects was conducted by an outreach worker who did not examine the adolescents.
Dependent Variables
Two outcomes were examingd for the present study. The Word Attack subtest of the Woodcock Reading Mastery TestsZo measures subject ability to read pseudowords. This ability requires the application of phonic and structural analysis skillszo to pronounce unfamiliar words. The test may also be used as a measure of auditory processing, according to Siege1 and H e a~e n .~ Data on Word Attack were obtained for the full sample of 462. The Arithmetic Subtest of the Wechsler Intelligence Scale for Children-Revised" was initiated midway through testing (n = 191), because it was felt to be important, and the overall examination time had decreased with examiner proficiency. This test measures numerical reasoning ability and auditorily processed mental computation.' During the course of testing, four examiners collected these data. Despite careful standardized training and reliability checks, there remained some significant examiner effects on the two test scores.
Covariates
A large number of covariates were collected throughout the duration of the study to evaluate possible confounding effects: 150 of these were described previously along with our method and rationale for examining them in relation to the outcomes.'2 Some of the primary covariates obtained at the time of the prenatal interview included other prenatal ingestants [caffeine, cigarettes, all other drugs and medications, food (diet)]; sociodemographic and personal characteristics (maternal and paternal race, age, education, occupation, marital status, height, and weight); household information (number of children above and below 5 years of age; number of adults in household); and maternal obstetric history (parity, gravidity, history of pregnancy complications, and deceased children). Covariates obtained from medical records included number of prenatal visits, pregnancy and delivery complications, infant size parameters, delivery medications, problems with infant at birth, etc. Additional information obtained at later exams included breast feeding and nutrition of child, illnesses, fevers and hospitalizations, parent/child separations, maternal working status, mother-child interactions, status of the home environment, major life changes in household, marital status of parents, caretaking arrangements, preschool, day care attendance, etc. Situational factors were also studied at each data collection wave, including time of day, day of week, sleep, food, medications and alcohol/drug use prior to testing, sensory impairments that could influence performance, identity of examiner, and temperature of examination room.
Statistical Analysis
Statistical analysis involved five procedures: (1) correlational study of the 14 alcohol scores with the two performance measures; (2) study of possible confounding influences of covariates; (3) calculation of partial t tests for alcohol, adjusting for appropriate covariates; (4) statistical checks on the regression assumptions; and ( 5 ) correlational study of the two 14-year outcomes against selected data from the 7-year examination. All p values were two-tailed to provide more conservative tests.
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2.
The relationship between the 14 alcohol scores and the 2 adolescent outcomes was examined with Pearson product-moment correlations. These are presented in Table 1 . To help verify that significant simple correlations were not really attributable to other confounding factors, multiple regression was used to confirm what the simple correlations appeared to indicate. To determine the primary predictors for each outcome, correlational analyses were conducted between a large list of covariates,12 the two adolescent performance measures, and the alcohol scores that showed the strongest relationship to these performance measures. Appropriate regression models were developed to determine the set of covariates that best predicted each of the adolescent outcomes (see "Results"). Despite careful reliability checks among examiners, some had systematically deviant scores; as is customary in large-scale studies, an indicator was entered into the regression analyses for these examiners, henceforth referred to as dummy indicators for individual examiners. For Word Attack, the primary predictors included weight gain during pregnancy, sex, race, socioeconomic status, and a dummy indicator for an examiner. For Arithmetic, the primary predictors were maternal education and a dummy indicator for first-born status and a dummy indicator for an examiner. Once these primary predictors were in the regression models, no other covariates contributed "significantly." The variables with t's too low to enter included cigarette smoking, use of other drugs and medications, and other demographic characteristics, such as marital status. 3. After establishment of the basic model for each outcome, the alcohol score was entered, and partial t tests were calculated, adjusting for all other variables in the model. These calculations were conducted with all of the alcohol scores listed in Table 1 . 4. Additional checks on the regression assumptions were made. These included added variable plots with scatterplot c moot hers^^^^^ affirming that the adjusted data are approximately linear in a logarithmically scaled measure of alcohol consumption (log average number of drinks/occasion) and replication of the final model omitting potentially influential subjects and outliers. Many interaction terms involving the alcohol scores were examined to determine whether any modifications were necessary in the interpretation of these main effects. None of the terms considered in this exploratory analysis substantially altered the apparent statistical significance or interpretation.
.
To assess the longitudinal context of these findings, the two adolescent outcomes were correlated with relevant performance data from the 7-year follow-up, and low individual scores were examined in relation to prenatal alcohol exposure.
RESULTS
As Table 1 indicates, almost all the measures of prenatal alcohol exposure are statistically significantly related to Word Attack scores. The correlations of Alcohol with Arithmetic scores place relatively greater emphasis on the binge-oriented measures of consumption. Not as many predictors of Arithmetic scores are significant due to the smaller data set.
As the best single alcohol score for prediction of these two outcomes is "ADOCC-P" (Average Drinks/Occasion, Prior to Pregnancy Recognition), the regression analysis for this score is presented herein. The range of values for ADOCC-P is from 0 to 13 drinks/occasion, with the median being 1.5. (Among drinkers, the median was 2.2.) The multiple regression analysis of Word Attack included the following terms in the model: Alcohol (ADOCC-P, log-transformed to reduce the effect of extreme values), weight gain, sex of child, socioeconomic status, race, and a dummy indicator for an examiner. A partial t test of the alcohol main effect, adjusting for the other independent variables, yielded a t value -3.20 and a p value of 0.002. The partial correlation of alcohol with Word Attack resulting from this regression is -0.148. Compared with the simple correlation of -0.15 1, almost no change is observed as a result of adjusting for covariates.
A similar multiple regression model was developed for the prediction of Arithmetic by Alcohol. Partial t tests for ADOCC-P, adjusting for each of the other independent variables in the model (namely, a dummy indicator for firstborn status, maternal education, and a dummy indicator for an examiner) yielded an alcohol partial correlation of -0.165, partial t = 2.27, p = 0.024, even with the smaller sample size. As for Word Attack, there is no change in the basic interpretation of the Arithmetic findings as a result of adjustment for covariates.
Main effects were thus observed for both Word Attack and Arithmetic, and appear to be stable even in replications of the analysis omitting outliers and potentially influential subjects. Data presented in Fig. I , a and b , are for the "net" impact of alcohol after adjusting for the relevant covariates (previously described). However, the figures are little changed from corresponding scatterplots for unadjusted scores. The clear downward slope seen in the two figures indicates that increasing maternal alcohol use is related to poorer Word Attack and Arithmetic performance in 14-year-old offspring. Average Word Attack and Arithmetic scores for adolescents exposed to > 1.5 drinks/occasion in early gestation are -Y3 standard deviation lower than scores of abstainers' children.
The alcohol effects on these adolescent performance measures are not only robust against the possible confounding influence of covariates, but they also show substantial association with previously measured performance. Of the 191 subjects who received WISC-R Arithmetic at age 14 years, 180 had previously received WISC-R Arithmetic at age 7 years. WISC-R Arithmetic at 14 years was significantly correlated with WISC-R Arithmetic at 7 years (Y = 0.492), and with Wide Range Achievement Test-Revised (WRAT-R) Arithmetic at 7 years ( r = 0.441). Word Attack was only given at age 14, but Word Attack at 14 years was significantly correlated with WRAT-R Reading at 7 years (Y = 0.550). These data show the monotonic relationship between prenatal alcohol exposure and offspring Word Attack and Arithmetic scores at 14 years of age, after adjusting for relevant covariates. The higher the exposure, the greater the effect, with no apparent threshold beyond the no alcohol level. In these scatterplots, Word Attack and Arithmetic are adjusted for covariates (see text) and standardized for plotting. The horizontal axis represents Alcohol scaled as the log of (average drinks/occasion + 1). Although this graph r e k t s alcohol intake prior to pregnancy recognition, analysis using the during-pregnancy score is substantially identical (see Table 1 ). The dashed horizontal line at 0 indicates the mean for this cohort. The light and irregular line represents a "lowess" scatterplot smootheP.2s that supports the appropriateness of fitting log average drinks/cccasion as a linear effect. The dark solid line is the partial regression line according to the multiple regression described in the text. The scatterplot smoother lies entirely above the regression line in (a), because 'lowess' is relatively resistant to the influence of the relatively extreme (low) Word Attack scores that pull the regression line down. The Cl ear downward slope indicates that increasing alcohol is related to poorer scores on Word Attack and Arithmetic. The gap in alcohol scores between 0 and 1.5 is due to the construction of the QFV interview, which combines 1-2 drinks/occasion as the lowest positive score (herein averaged as 1.5 drinks). Thus, the black stripe of dots at 1.5 indicates mothers who say they never drank >1 or 2 drinks/occasion of any alcoholic beverage. This plot indicates that drinking even 1 or 2 drinks at a time and never more is associated with poorer performance on these two tests given at 14 years. of low Arithmetic scores at 7 years, we find that of the 8 1 children with low Arithmetic scores (below the median) at 7 years, 52 (or 64%) remained low on Arithmetic at 14 years. As Table 2 indicates, only 45% of the abstainers' children who scored low on Arithmetic at age 7 remained low on Arithmetic at 14 years. By comparison, 9 1 % of the heavier drinkers' children who had scored low on Arithmetic at 7 years remained low on Arithmetic at 14 years.
DISCUSSION
This study deals with two tests from the research battery administered at the 14-year wave of data collection in this longitudinal prospective study of the long-term consequences of maternal alcohol use during pregnancy. One important new finding from this study is that the consequences of maternal drinking during pregnancy are still measurable 14 years later as performance deficits of exposed children. In other words, the prenatal alcohol effects on child performance, documented at many previous ages of development in this cohort, are not "washing out" as the children reach adolescence. This study is a harbinger of complex multivariate analyses to follow that consider many correlated alcohol exposure patterns, outcome scores from other 14-year tests, and measurements from earlier waves of assessment.
The present analyses indicate that prenatal alcohol exposure is related to adolescent Word Attack and Arithmetic performance in a dose-dependent fashion: the higher the exposure, the larger the performance deficits. The magnitude of these effects is in the range of 1/3 of a standard deviation for each outcome at an exposure level of 1.5 drinks/occasion on the average. Children of abstainers have the best scores on both measures. These alcohol effects remain statistically significant afier adjustment for appropriate covariates. Arithmetic scores, which were measured on the same task at ages 7 and 14, remain significantly correlated across this 7-year span. Some continuity of performance for individual children is also noted, in that children who were low on Arithmetic at 7 years were more likely to remain low at 14 years, if their mothers had been among the heavier drinkers (9 1 % continued to have low scores) compared with those whose mothers had been abstainers (only 45% continued to have low scores).
Rather than reflecting academic achievement per se, both of these tests are thought to measure underlying processes that are important for the acquisition of reading and arithmetic skills. The WISC-R Arithmetic subtest is often interpreted as a test of problem-solving ability and of the ability to integrate verbal information presented in a mathematical context5 Word Attack measures the phonological processes thought to underlie basic reading skills. Deficits in phonological processing are an important basis of reading problems.24 Performance on Word Attack is thought to represent a more biologic aspect of reading skill than are the skills tapped by the content of ordinary reading tests. Word Attack is one of the few reading tasks not confounded with other dimensions of reading such as guessing from content, guessing from past experience with certain words, etc.," which may explain why the findings in the present study are relatively resistant to usual covariate influences. Reading disabled children perform poorly on Word Attack regardless of IQ In this study, word recognition scores, as measured on the WRAT at age 7 years, are significantly correlated with Word Attack scores at 14 years, ( r = 0.55).
Although the present study only used the Word Attack test at age 14, this may be a useful outcome measure for studies of prenatal alcohol effects in younger children. Word Attack skills may also hold potential for early remedial interventions with young children with fetal alcohol effects who have reading problems. Word Attack skills have been the target of successful remediation programs in young even though poor readers were not brought up to the level of good reader^.^*,^^ Word Attack is one of the few neurolinguistic tasks that has been found to be related to neuroanatomical correlate^.^^ As Table 1 indicates, all of the prenatal alcohol measures studied showed statistically significant relationships with at least one of the outcome scores. As these dose measures all reflect, to varying extents, the same individual drinking behaviors, they are highly correlated with each other, and no one of them can be considered as the "true" dose. In the present analyses, those drinking patterns having to do with a "massed" pattern of drinking are, in general, more strongly correlated with the outcomes than scores reflecting the frequency of drinking occasions or "average" daily patterns. This is congruent with other reports from this ~t u d y~-'~, '~ after the children were over 7 years old. Massed drinking would be expected to have more of an impact on blood alcohol level, which in turn has been shown in animal studies to be more important than administered "dose" in the production of fetal alcohol effects in offspring. Recent work by West et al.31 has shown that "bingetype" exposure patterns produced stronger offspring effects than the same amount of alcohol presented regularly throughout the day. This is not to say that frequency of use is not associated with child outcomes (see Table l ), but rather to say that among the dose measures studied herein, with these outcomes and in these adolescent offspring, that the massed drinking scores produce the strongest correlations. Likewise, it is not possible to say from these data that drinking only during one part of pregnancy versus another is producing the effects reported. Drinking during the third trimester was not even measured, and ADOCC-P and ADOCC-D were highly correlated at Y = 0.800. The ADOCC-P scores were selected for the graphical presentation, because they showed a stronger relationship to these outcomes than the ADOCC-D scores, but the latter were also significantly related to poorer performance (see Table 1 ).
In examining behavioral outcomes of teratogens, it is, of course, important to consider the various types of postnatal influences that also impinge on a child's development. As previously described, a wide variety of postnatal environmental variables are routinely considered in our analyses as potential covariates. But because many potentially confounding influences were controlled through original study design and sample selection, our data set circumvents many of the biases that often interfere with inference in nonexperimental studies. Maternal and paternal education are almost always the strongest predictors of child behavioral variables, and this study is no exception. However, once we have adjusted for either of these, other covariates show little further effect on outcomes.
Two potential covariates that are sometimes considered in other studies are absent from our study by design (parental IQ and maternal postnatal drinking). Parental IQ was not included because it was not feasible within the constraints of the study to obtain 1000 parental IQ tests. This is not a serious problem, however, as the correlation of our maternal and paternal education scores with child IQ are at least as good as those reported in the literature between parental IQ and child IQ. 32 Although literature certainly exists on the adverse effects of parental alcoholism on children,33 studying them in an alcohol teratology study is difficult due to the high correlation between prepregnancy recognition drinking and postnatal drinking. The best way to tease out these effects in studies of alcohol teratogenesis is through study design, not through post-hoc "statistical" adjustment. The type of high-risk alcoholic mother without adequate prenatal care, who might be suspected of providing the most adverse postnatal environment for the child, was systematically excluded from our study by the design feature requiring prenatal care by the 5th month of pregnancy. Less than 1 % of the mothers in our study reported any major alcohol problems. Were they in denial? We cannot say, but we can say that 80% of the mothers interviewed readily admitted to drinking during pregnancy. Demographically, these women are representative of Seattle area mothers in the early 1970s. Their drinking habits were characteristic of Seattle women in an era when it was not known that "social" levels of drinking could have deleterious effects on offspring. Rather than using a postnatal maternal drinking score as a marker for an adverse environment, our analytic plan has involved the evaluation of many important environmental variables that might have a direct effect on child development (mother-child interactions, major life changes in the household, parental education, family constitution, etc.). The prenatal alcohol effects reported herein were not found to be attributable to these environmental covariates.
This study of the relationship of prenatal alcohol exposure to adolescent outcomes extends and enhances earlier findings from this project, including alcohol-related decrements in achievement (especially arithmetic), classroom behavior, and information processing based on teacher reports when the children were 11 years old." Prenatal alcohol exposure was also related to childhood neurobehavioral deficits at 4 and 7 years and to academic achievement and classroom performance at 7 years.6-10,32,34,35 Although one study has not detected neurobehavioral alcohol effects in the preschool year^,^^'^' reports from other studies do show alcohol-related cognitive, academic, or neurobehavioral outcomes in 4-to 7-year-old children (e.g., refs. 38 and 39). Many design features contribute to positive and negative results in alcohol teratology studies. These include power of the study design (in terms of the number of heavier drinking mothers, their levels of consumption, and the relative confounding of drinking with other important covariates), precision of estimating both the independent and the dependent variables, and the success of following-up the sample, especially the offspring at highest risk for prenatal alcohol effects.
Word Attack and Arithmetic decrements continuing into adolescence may well indicate basic biologic information processing deficits that could contribute to an increase in school-related problems during the adolescent years. Subsequent reports will examine additional adolescent sequelae of prenatal alcohol exposure within the rich context of a multivariate data set.
